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Abstract: The paper aims to propose a method of reconfiguring the train timetable, taking into
account minimising the globally consumed energy for traction purposes. This is a very important
issue in the context of rising electricity prices, alarming climate changes and the “Fit for 55” policy
introduced in Europe. Each unit of energy saved contributes to improving the state of the planet
and reducing the negative human impact on it. In this paper, the authors propose a model that,
when applied, will reconfigure the timetable in terms of energy intensity and, as a result, reduce the
impact of railways on the burden on the environment. It is proposed to introduce an interdependence
between trajectories of electrical train movement. This interdependence is to take place so that it
is possible to efficiently transfer the energy recovered during the braking of one train to another
train, moving on the same section of the railway line and at the same time (i.e., without using energy
storage devices). The paper provides a physical background to the considerations—discussing the
movement of electric trains in the context of their energy intensity and the possibility of energy
recovery; presenting the possibility of interconnecting trains in such a way that the energy from
a train that is being braked can be efficiently used by a train that is being accelerated; presenting
a method for making the linkages between trains (in the form of an original algorithm resulting
from the application of the Delphi method) and implementing them in the timetable. The timetable
for the application of the method is real and was obtained from the railway operator in Poland, as
a mathematical–physical model describing the trajectory and energy consumption of the original,
after which the proposed timetable was verified by running simulations and comparing the energy
consumption of the original and the proposed timetable. It turned out that it is possible to achieve
a global total energy demand reduction of up to 398 MWh/year. This proves the validity of using
the proposed algorithm at the timetabling stage and extending its implementation to the entire
network. Furthermore the authors also recognise the tendency of the algorithm to return repeatable
solutions, which has the side effect of creating a cyclic timetable. Its implementation in Poland
has proved impossible for many years. The application of the proposed method could change this
unfavourable situation.

Keywords: railway; timetable reconfiguration; simulation modelling; energy recovery; energy saving

1. Introduction

Rail, especially electric rail, is one of the most environmentally friendly means of
transport [1]. It has a low energy intensity per passenger or tonne of freight. It leaves a
relatively small carbon footprint. Carbon dioxide emissions are several times lower for rail
than for other modes of transport. As a result, rail is promoted by numerous international
organisations (including the European Union) as environmentally friendly and part of
sustainable development or green mobility policies. The European Union plans to reduce
greenhouse gas emissions produced from transport by at least 60% by 2050 in relation to
the reference year (1990) [2]. This is part of the “Fit for 55” policy. These characteristics
mean that the use of rail for the transport of goods and services is growing and is expected

Energies 2022, 15, 1946. https://doi.org/10.3390/en15051946 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15051946
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-2052-2167
https://orcid.org/0000-0001-5743-9514
https://doi.org/10.3390/en15051946
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15051946?type=check_update&version=2


Energies 2022, 15, 1946 2 of 18

to continue to grow [3]. Any initiative leading to a reduction in the negative impact
of human activity on the cleanliness of the planet and its ecosystem is very important
in this context. The conscious choice of rail as a mode of transport in itself contributes
to improving the state of the environment. However, implementing initiatives to make
railways ever more environmentally friendly will further improve the balance of benefits
of using electric trains.

Through the economies of scale of such relatively small initiatives in the context
of the country as a whole, it is possible to reduce electricity demand to such an extent
that it may become unnecessary to maintain, for example, a coal-fired power plant. The
closure of such a facility will, by definition, improve the country’s energy mix by reducing
the share of conventional energy sources in favour of increasing the share of non- and
low-carbon sources.

Moreover, rail can be an important political tool. Sovereign states are often indepen-
dent in terms of electricity from their neighbours (or work within a closely interconnected
system, covering the territory of at least several states—e.g., as in the EU), and can generate
it on their own, for their use. However, the use of other sources of power—for example, coal,
gas or liquid and gaseous fuels—often entails the need to sign unfavourable agreements
with countries from which—for political reasons—one should not cooperate. Reducing the
energy intensity of railways may therefore also influence the independence of states by
reducing fuel imports from third countries.

Unfortunately, the energy crisis that the world is increasingly struggling with, that
has increased fuel prices, is also affecting railways. In this context, it seems reasonable to
further reduce the energy intensity of this branch of transport. Additionally, the policy
pursued in the context of reducing pollutant emissions necessitates an increase in the energy
efficiency of the railway system [4]. Reducing the global energy requirements of railways
can be achieved, for example, by making better use of the energy that can be recovered
from braked vehicles [5–7]. The potential for such action appears to be very significant.

In 2019, passenger trains stopped at stops and railway stations more than 29.3 million
times in Poland [8]. This does not include reducing velocity before limits, technical stops,
train brakes performed as part of a dynamic brake test, train brakes during service journeys,
brakes performed during shunting journeys, brakes due to stops not provided for in the
timetable but caused by the traffic situation, and stops and speed reductions of goods
trains. In practice, this could mean several hundred million train breaks occurred in just
one country. Instead, this energy can be used to power trains at speed or a constant speed.
The direct transfer of electrical energy from a braked train to an accelerating train can be
achieved without significant interference with the power supply system, provided that the
recovered energy is immediately used by another vehicle. It is provided that the recovered
energy is immediately used by another vehicle [9,10]. Otherwise, it is necessary to convert
DC substations (found in some European countries) to reversible substations that facilitates
current flow in both directions. Otherwise, it is required to convert DC substations (DC is
using in some European countries) to reversible substations that allow for a current flow
in both directions as long as the trains are running within the same supply section. One
section usually comprises several kilometres of railway (from 7 to 20 km in the DC power
supply [11]), and several trains generally travel within this section.

Because of the facts presented, the issue of reducing the global electricity demand of
the railway system is fundamental. However, it is possible to achieve this by transferring
the braking energy from one train to other trains while they are accelerating in the same
supply section. Such a section is long enough for several trains to run at the same time.
Moreover, this approach does not require initiatives to convert hundreds or, in the case of
some countries, thousands of kilometers of overhead contact lines and substations along
the line. However, it should be borne in mind that the efficiency of such a process is limited
and depends, among other things, on the configuration of the trains. The configuration of
trains is a direct consequence of the timetable, which determines the occurrence times of
the phases of movement for each train. Therefore, to increase the possibility of using the
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braking energy of one train for the acceleration of other trains, it makes sense to develop
a method for reconfiguring the timetable in such a way as to make maximum use of the
potentially available energy.

This article proposes a method for reducing the global energy intensity of railways
by reconfiguring train schedules. The method’s application consists of postponing some
trains or changing the mode of acceleration or braking (by staging the process). It takes
into account the available capacity of railway lines.

The proposed method can be defined as an algorithm, which is applied at the stage
of preparing the train timetable, after the preliminary arrangement of routes (determined
by railway undertakings) and journey hours (based on railway line characteristics and
parameters of the trainsets running on it).

The timetable is prepared by the railway line manager based on so-called traction
calculations, also quoted in this article. They are made with the use of formulas determined
empirically by national institutes engaged with railway research. Such formulae—obtained
from the national railway institutes of the countries associated with the UIC (International
Union of Railways). have also been converted to an individualised form for each train.

The proposed method was developed using the Delphi method. The method was
verified by determining traffic trajectories of particular trains based on the existing and
valid timetable announced by the Polish rail infrastructure manager—PKP PLK SA and
technical information on train parameters (data from the rolling stock manufacturers).
This was performed for one of the railway lines leading from Wrocław (Poland). Then,
for the trajectory of train traffic developed in this way and after determining the energy
consumption caused by their movement, the proposed method was applied. The results
for the unchanged and the changed timetable were then compared with each other. In this
way, it was possible to estimate the value of the change in energy intensity. Importantly,
this paper discusses the results of applying reconfiguration to only weekday timetables.
Due to the similarity of the issue, a detailed presentation of the reconfiguration results
for Saturdays and Sundays is not presented. However, these values were included in the
final estimation.

The article is structured as follows. Section 2 discusses the views already proposed
on the problem of using recovered energy for train acceleration and shows the gap that
the proposed method fills. Section 3 discusses the method, including its soundness from
a physics point of view and introduces and describes the algorithm. Section 4 discusses
the results of the proposed method based on a comparison of the energy consumption
results of the non-reconfigured and the reconfigured timetable. The conclusion is given in
Section 5.

2. Literature Review

The problem of reducing the energy intensity of the railway system has been recog-
nised in works published so far. The authors have proposed various solutions, looking at
reducing the energy demand of electric trains from multiple aspects. The authors propose
three basic approaches, including reconstruction of railway lines power supply system
(in case of solutions using direct current), optimisation of the trajectory of single train
movement, and reconfiguration of timetable.

An in-depth literature review on increasing the energy efficiency of the railway system
is presented in the paper [12]. The authors collected 123 literature references regarding
ways and methods of energy-efficient railway operation in the case of DC power supply.
Additionally, in their work [13], Lin et al. detail dozens of methods for the energy opti-
misation of train movement, focusing, however, on the possibilities of modifying vehicle
trajectories and the applied driving phases.

In terms of power-system modification, one of the solutions to reduce energy con-
sumption is the replacement of the classical DC electric substation with a reversible substa-
tion [10]. The authors highlights that this presents the possibility of recovering electrical
energy without reconfiguring the timetable, so they do not consider this aspect worth
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applying. At the same time, they recognise that a timeline that has not been drawn up
with energy efficiency in mind—despite its strong traffic determinism—introduces de facto
randomness in train stops globally. Petru et al. [14] proposed the use of supercapacitors
in metro trains. Arboleya et al. [15] proposed a train that included an onboard hybrid
accumulation system used in DC traction networks. In ref. [16], the optimisation of the
speed profile during train running was combined with energy storage installation inside
the vehicle. In ref. [17], it was reported that it is possible to return electricity to the grid or
store it in energy storage tanks (ESS). A hybrid approach is presented in ref. [18]. It is linked
to electricity recovery and speed profile optimisation. However, the study only applies to
metropolitan railways, which are usually homogeneous (due to the vehicles used).

The metho of reducing the energy intensity of rail transport by optimising the move-
ment of individual trains and improving their trajectories has also been recognised in
several works. This is a classic technique that has been used on various railways for
several decades. However, the methods are various, but generally—at an earlier or later
stage—they come down to a common denominator. In ref. [19], the coasting technique is
proposed to improve energy savings in railways. The authors transferred the train control
problem into a multi-step decision problem and they introduced the Dynamic Program-
ming method to calculate the energy-efficient driving strategy with the given trip time.
Next, they optimised trip times and the headway of trains using the Simulated Annealing
algorithm based on the results of the dynamic programming method. The installation of
a hardware and software system onboard the train to supervise the electric locomotive’s
operation and maximise the runaway time has also been proposed. Another proposal in
the field of trajectory modification is provided in ref. [20], which proposes using computer
microsimulation (OpenTrack tool) to optimise the trajectory of one train to minimise energy
demand. In refs. [21,22], the authors propose the application of the Ant Colony Algorithm
to the train scheduling optimization problem. Ref. [21] develops a new algorithm for the
train scheduling problem using Ant Colony System (ACS) meta-heuristic, while ref. [22]
describes an Ant Colony Optimization (ACO) algorithm for the train routing selection
problem (TRSP). A classical approach is represented by ref. [23], which pays attention
to the possibility of controlling the energy demand of a train by changing the driving
modes. In ref. [24], the authors propose the management of the trajectory of a freight
train moving over long sections with a uniform gradient. They note that coasting does
not, in all conditions, imply the least energy-intensive option. A classical approach is also
proposed in ref. [25]. The authors propose a Simulated Annealing optimisation algorithm
that minimises train traction energy, constrained to the existing timetable. A classical
approach for modifying motion trajectories is also presented in ref. [26]. However, the
authors implement the modification of train movement phases into an autonomous train
operation (ATO) system. They improved the multi-objective hybrid optimisation algorithm
using a comprehensive learning strategy (ICLHOA).

The literature also recognises the possibility of reducing the energy intensity consump-
tion of railways by making the movement of several vehicles dependent on each other
and transferring the energy recovered from breaking one train to another vehicle. Such
an approach is presented, among others, in ref. [27], where Bu et al. discuss the use of
electric energy recovered from a braking vehicle to an accelerating vehicle with the example
of an urban railway network, i.e., with fixed intervals and very homogeneous traffic. A
similar approach was proposed in [28]. They proposed the synchronisation of metro train
schedules. A particular nuance here is the consideration of two types of moving vehicles.
However, the problems related to the occurrence of fixed intervals are characteristic of
the cases described in this paper. Pairing trains moving in opposite directions over long
sections with a uniform gradient and transferring energy between them was proposed
in ref. [29] where authors noticed that a train moving down a hill must be continuously
braked to avoid over-speeding.

In contrast, a train moving “uphill” must overcome the additional resistance of the
hill. Therefore, they proposed that the braking energy of the descending train should
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be continuously recovered and used by the accelerating train to overcome the resistance
of the hill. This approach—shifting trains in time—is interesting, but the problem is
somewhat when implementing a regular railway system. A slightly different strategy is
described by Gong et al. [30], as they propose modifying the timetable by extending train
stops at stations, which is supposed to synchronise accelerations and decelerations. This,
in turn, is supposed to allow the braking energy to be used for the start-up of another
train. Peña-Alcaraz et al. [31] also proposed controlling the overlap between the running
phases of different trains. However, his approach differs from the work of ref. [20] by
preferring the modification of arrival and departure times and not only the control of
stopping times. In the context of managing energy links between several trains, interesting
thoughts are brought by the work of Bu et al. [32]. The researchers developed a model for
designing an energy-efficient timetable that considers the links between adjacent trains
under acceleration and deceleration. The global energy efficiency of the system is supposed
to be ensured by permissibly varying the speed of the coordinated trains. However, this
approach can significantly impact journey times, and therefore rail-line capacity may
be reduced.

The following table (Table 1) provides a summary of the articles discussed along with
information on the area of rationalisation (optimisation) to minimise the energy intensity
of railways by modifying the timetable.

Table 1. Methods of optimising train schedules to reduce energy intensity.

Publication Implementation Area Method

[10] Power-system modification reversible substation installing

[12] different areas of implementation different approaches discussion—review article

[13] different areas of implementation different approaches discussion—review article

[14] Power-system modification on-board energy storage device (ESD) using

[15] Power-system modification on-board hybrid accumulation system using

[16] power system modification
electricity recovery

regeneration, use of energy storage, train control and optimisation, and operational
effects

[17] power-system modification stationary energy storage system

[18]
power-system modification,

electricity recovery,
speed profile optimisation

on-board energy storage device,
optimal design of Automatic Train Operation system speed profiles

[19] speed-profile optimisation multi-step decision problem, Dynamic Programming

[20] speed-profile optimisation using the coasting technique; algorithm

[21] speed-profile optimisation meta-heuristic, traveling salesman problem approach, Ant Colony Optimization

[22] speed-profile optimisation Ant Colony Optimization

[23] speed-profile optimisation multi-objective and multi-disciplinary optimisation modeFRONTIER

[24] speed-profile optimisation numerical algorithm for the optimal driving solution

[25] speed-profile optimisation Matlab implementation of the Simulated Annealing optimisation algorithm

[26] speed-profile optimisation multi-objective hybrid optimization algorithm using a comprehensive learning strategy
(ICLHOA)

[27] electricity recovery a ‘time slot and energy grid’ model implementation; the running time of trains in
sections, the dwell time of trains at stations and the headway can be adjusted

[28] electricity recovery train’s dynamics microsimulation

[29] electricity recovery particle
swarm optimisation algorithm

[30] electricity recovery genetic algorithm implementing integrated Energy-efficient Operation Methodology
(EOM)

[31] electricity recovery the mathematical programming optimization model

[32] electricity recovery microscopic passenger-centric models; proposed several fast heuristic methods
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A review of the state of knowledge confirms the authors’ conviction that the problem
of reducing the energy consumption of rail transport is important and topical. Many
researchers have looked into this issue and made suggestions on how to make railways
even more energy-efficient. There are many views and ideas for action. Some of them
concern modifications to the power supply system (changes are necessary in DC power
supply systems), others have investigated the possibility of building in devices that could
temporarily store excess electrical energy. Concepts are also based on the idea of modifying
the trajectory of trains to generate interdependencies between the accelerating train and
the braking train. However, these approaches usually concern homogeneous systems
(metro, light rail—due to the rolling stock used, long stretches of homogeneous gradient
freight line—due to the very long cooperation time of two trains). There are relatively few
proposals for methods that take mixed traffic railway lines into account.

3. Methodology

The following section discusses the methodology of the global electricity demand
reduction method. In Section 3.1, the physical aspect of recovering electricity and using it
for traction purposes (propelling) of another train is presented. Section 3.2 presents and
discusses the algorithm that constitutes the method.

The application of the method should be preceded with an analysis of the existing
timetable and the determination for it (using the empirical formulae discussed in Section 3.1
of this paper) of the current capacity of the electrical substation as a function of time. This
may be a pre-arranged timetable under development, but it may also be, as in the case
discussed in this article, a timetable already in force. The next step is to implement the
presented reconfiguration algorithm into the base timetable (described in Section 3.2). This
will move the trains in relation to a certain time interval to obtain a better energy-efficient
timetable. The third step is to perform an analysis of the current capacity for the modified
variant. Finally, the energy-consumption status of the timetable for the primary and
secondary variants should be compared. The methodology adopted for the application of
the proposed algorithm makes it possible to determine the synthetic value of the electricity
that can be saved.

3.1. Electricity Demand of the Train

The characteristics of the driving parameters of a railway vehicle can be obtained
by solving the equation of the motion of a train [33–37]. The equation of the motion of a
train is based on Newton’s second law of dynamics. A second-order differential equation
describes it:

F(v, x) = m·k·d
2x

dt2 [N] (1)

where F is the resultant force (depend on velocity v and displacement x), m the mass, k
the coefficient of swirling mass, time (t). The resultant force depends on tractive effort
(Z), resistance effort of train movement (W), braking force (B) and resistance resulting
from the route of the railway line (I). These forces—depending on the driving mode—
occur in different configurations. Forces: tractive (Z) resistance (W) and braking (B) also
depends on the velocity of the moving train (v). Resistance resulting from the route of the
railway line depends on displacement. These forces shall be applied depending on the
train mode [31–34].

The current (In) drawn from the overhead line by the electric train is proportional to
the power (P) and inversely proportional to the voltage (U):

In =
P
U
[A] (2)

The magnitude of current consumption recorded in an electrical substation is higher
than that derived from the solved equation of train movement. This is due to current
transmission losses and the inefficiency of technical equipment, especially traction motors,
and other consumers of energy on the train, i.e., air conditioning, heating, lighting, pas-
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senger information systems, brake compressor drive, propulsion control system, etc. It
is, therefore, necessary to account for these factors when determining the actual load on
an electrical substation (Ient). For this purpose, the value specified by Equation (2) has to
be corrected:

Ient = In·
1
η1

· 1
η2

· 1
η3

+ Io[A] (3)

where η1 is the efficiency of contact line (0.91); η2 is the efficiency, counting aberrant move-
ment work (0.98); η3 is the efficiency of the electricity substation (0.94) [33,35]. Io is the
current drawn by other consumers, such as lighting, air conditioning, heating, passenger
information system and connected passengers’ devices. The values given above are av-
erages taken globally for the entire electric traction at 3 kV DC. Railway administrations
adopt—from experience—values similar to those shown above. In practice, electric traction
efficiency values are provided in ranges of a few per cent [33].

We also know that:
P = F·dx

dt
[W] (4)

where F means acceleration force.
The formula can define the work (W) performed by the i-th train:

Wi =

t∫
0

UIentdt[J] (5)

After the transformation of Equations (3) and (5) and subrogation of Equations (1) and (4),
the formula for i-th train work can be obtained:

Wi =

t∫
0

m·k·d
2x
dt

·dx[J] (6)

In order to reduce the energy demand of the whole railway system, the total energy
intensity (TEI) of the trains running on a given section of line will be verified:

TEI =
n

∑
i=1

Wi[J] (7)

Reducing the railway system’s total energy demand may involve transferring the
energy recovered during vehicle braking to another train. In this case, it is necessary to
consider the efficiency of the system for recovering braked energy and the efficiency of
transferring this energy to another train. This approach is more convenient than using
the value of the current flowing from the train being braked to the accelerating train or
the power that can be transferred between the previously mentioned trains. The method
for minimising energy demand for all trains on a railway line is described in detail in
Section 3.2.

The amount of current drawn by a train and the momentary ability to transfer energy
to another vehicle is determined by the driving mode the train is in.

The train may be accelerating, it may be moving at a constant speed, it may be running
with the traction motors switched off (coasting), or it may be braking. In the acceleration
mode, the driving force Z(v) at the wheels of the train has to overcome the values of
resistance to motion W(v) and resistance to climb I(x). Such a train will draw its electrical
energy from the overhead contact line.

A train moving at a constant speed must balance the value of the resistance acting
on it; therefore, the value of the acceleration force must be equal to 0. Such a train can be
both accelerated and braked (when the values of the locomotive resistances are negative
and overcome the importance of the specific resistances). The train can run in coast-down
mode. Then, the electric motors are switched off and the resultant acceleration force F(v,x)
depends only on the resistance. The last mode is the braking mode, where the train speed
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is reduced due to braking. In this mode, energy recovery is possible. The driving modes
are presented graphically in Figure 1.
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Figure 1. Four train-running modes: 1a—starting (according to the constant acceleration curve), 1b—
acceleration (according to the course of the hyperbola of continuous power), 2—running at a constant
speed, 3—running from coasting, 4—braking. (a) Velocity versus distance graph; (b) acceleration and
acceleration force (red line) and tractive effort (blue line) versus distance graph; and (c) power and
energy of running train with impulse (red on first movement phase) and resistance (blue) control or
(in phase 4) braking energy with recuperation (green) and without recovery (red).

According to research, it is possible to transfer around 70% of braking energy to
another train. The highest values obtained fluctuated around 73% [17].

The abovementioned factors provide an idea of the possible actions that can be taken
in modifying the trajectory of one train in order to couple it with that of another. It is
possible to control the movement trajectory in such a way related not only to the phases of
movement, i.e., so that the acceleration of one train and braking of the other train coincide,
but it is also possible, for example, to introduce a phase of running at a constant speed
between two stages of acceleration. It is relatively plausible to break a train in several steps.
Table 2 lists the possible actions for interdependent train paths depending on the need to
use the contagious energy.
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Table 2. List of possible measures within the framework of a reconfiguration of the timetable, taking
into account increased energy efficiency of the railways.

Characteristics of the Problem Possible Action Method of Implementation

Under-utilisation of braking
energy.

Bringing another train into the
acceleration phase.

Shifting the train in time so that the acceleration phase
coincides with the braking phase.

Shifting the train of another train in time so that two trains
are accelerating simultaneously during braking.

Braking phasing
Dividing one long braking phase into several shorter phases
by adding a coast-down stage when no energy transfer can

take place.

Reducing the temporary value
of recoverable energy.

Modifying the brake-force value by slowing down the train
braking rate.

Slowing down the rate of deceleration of the train and
configuration of deceleration trains so that they can

successively use the recovered energy when speeding up.

Inefficient use of recovered
braking energy.

Timing of trains.

Acceleration of the start time of an acceleration train
receiving energy (until the power consumption of the

accelerating train increases sufficiently—during start-up,
the power consumption increases proportionally to the

speed of movement).

Deceleration at the start of braking of a train set.

Increase in energy demand
when energy transfer is

inefficient.
Adding another acceleration train.

Excessive energy demand. Reducing the temporary need
for electricity.

The time movement of the next accelerating train
(acceleration or deceleration).

Phasing increases the speed of the accelerating train by
adding a constant speed phase.

Slower acceleration of the train.

Shifting an accelerating train in time to take up energy
recovered during the initial acceleration phase (where the

energy demand increases linearly with speed).

The top three figures show the power consumption of different trains as a function
of time. The bottom figure is the sum of these values. The situation is presented as it
was, without considering the application of the method. In addition, the central figures
graphically present how changes in train trajectories will be implemented.

3.2. The Algorithm

The developed algorithm considers the limitations that exist in the given supply
section (e.g., speed limits, track infrastructure and traffic routing) and the rules resulting
from the timetable assumptions in the area of the commercial offer. This means that it
is possible to change the timetable, but the individual departure times from individual
stations must be within the specified time intervals defined in the commercial offer. The
operation of the algorithm is presented in Figure 3.

Figure 2 gives an idea of how trains can depend on each other to reduce energy intensity.
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In the first step of the algorithm, information in the area of infrastructure restrictions
(speed, traffic methods, the energy consumption of vehicles, etc.) and the planned timetable
and regulations within the commercial offer (time intervals of permissible deviations from
the assumed schedule) are read in. In a second step, the traction characteristics of the
individual trains are used to determine the electricity demand as a function of time for the
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substation under consideration. In the next step, the planned energy recovery (based on
braking characteristics) is determined as a function of time. Then, for an assumed time
interval of length ∆t, the time interval [t; t + ∆t] for the maximum operation is determined.
Furthermore, the movement of trains can sometimes be carried out without interfering
with the timetable because of the possibility of using time reserves already accounted for at
the stage of construction of the original railway operating schedule. However, this is only
possible when the train is running as scheduled. For such a time interval, to the feasibility
of shifting a train that is accelerating is verified (it has a greater energy demand represented
by greater power consumption and consequently—a more significant current), because
of limitations of its commercial offer (if it will be following the carrier’s assumption). If
such an operation is possible, it is checked whether it is possible to realise a journey on the
analysed section with regard to infrastructure limitations. If it is possible, the change in the
timetable is implemented and the planned energy demand and the energy recovery value
are determined again. If a change cannot be made, it is checked if it is possible to make
changes to the energy recovery function, e.g., by slowing down the brakes (divided into
phases). Such an operation will reduce the instantaneous energy recovered, but overall it
will remain at a similar level—it will be spread over time. In this case, if such a prolongation
of braking is in accordance with the commercial offer and if it is feasible on the infrastructure
section are also checked (if it will affect the system’s immunity to disturbances). If such
an operation is possible, a braking deceleration is scheduled in the timetable in order for
another train to use the energy recovered from the extended braking. In case such an
operation does not make sense, the last step of the algorithm is implemented, i.e., checking
if it is possible to slow down the acceleration (which will change the characteristics of the
electric-energy consumption). Whether the gradual deceleration is compatible with the
assumptions of the carrier and if the infrastructure is available for the proposed change are
also verified. If so, a train is introduced, which accelerates up to a specific assumed moment
(i.e., the moment when the other train ceases to be a source of energy) and then travels
at a constant speed until another train in a given supply section begins to brake. At this
point, the train travelling at a continuous speed starts to accelerate. After the operation, the
revised timetable is saved, and the energy demand and recovery at time t are redetermined.
The timetable reconfiguration ends when no shifting procedures can be performed on any
train and when the energy-recovery value after the change does not increase.

The use of such an algorithm allows for the rationalisation of the global electricity
demand in several ways. The algorithm makes it possible to make changes not only in
terms of changing the trajectory of trains, but also allows trains to be moved in time.
Such functionality brings an additional benefit, linked only indirectly to the electricity
demand to power the trains. The algorithm will return a similar result for similar traffic
situations occurring during the day. This means, for example, that trains running in
opposite directions will always be shifted in time to the same dependence of the trajectory
of the first train on the trajectory of the second train. Additionally, if such situations
are repeated during the day—the algorithm will return the same result. As a result, the
proposed algorithm will spontaneously tend to introduce a cyclic timetable. Using such an
algorithm in Poland—a country in which attempts to introduce cyclic timetable on railways
have failed for many years—would accelerate a transition to the cyclic timetable.

4. Results and Discussion

In this part of the paper, the proposed method will be verified. Section 4.1 discusses
the boundary conditions of the task. Section 4.2 presents the results of testing the non-
reconfigured schedule. Section 4.3 presents the results of the proposed algorithm and
Section 4.4 of this thesis compares the distribution before and after reconfiguration.

It should be noted that—due to the multitude of calculations and results—the authors
decided to show only a part of the calculations in this article.

The method was applied de facto for the following three train timetables: for weekdays
(highest agglomeration traffic load, large number of regional and fast trains), Saturdays
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(lowest traffic) and Sundays and holidays (low share of agglomeration traffic, large number
of regional and fast trains).

However, this paper only presents the results of the proposed method for the working
timetable in detail, only for the hours 3:00 p.m. to 6:00 p.m. Nevertheless, the results for
the other timetable hours and the other days are included in the comparison at the end of
the chapter.

4.1. Case Study Boundary Conditions

In order to verify the method, a global energy intensity analysis was conducted before
and after applying the proposed algorithm for a railway line with mixed traffic. For this
purpose, a part of a route leading from Wrocław Główny towards Katowice (Poland)
was used. This line combines the running of agglomeration transport within an urban
centre of almost one million inhabitants, but at the same time is one of the most important
interregional trunk routes in the country. In addition, there is occasional freight traffic on
this line—although there is a parallel line dedicated to freight, so freight trains on this line
make little use of it. A timetable that included trains with the parameters in Table 3 was
analysed. Five of the supply sections with the most heavily loaded in rush hours (between
3:00 p.m. and 6:00 p.m.) in terms of traffic were selected. The selected sections are located
closest to Wrocław.

Table 3. Main characteristics of trains running on the railway line.

Train Type
Power of
the Drive
Unit [kW]

Train Weight
(Gross) [t]

Number of Stops
on Section

Tractive Effort (Z) [kN]
Resistance Effort of Train Movement (W) [kN]

Braking Force (B) [kN]

Local passenger I 1600 135 2
Z =


163.63 [kN] i f 0 ≤ v < 44

[ km
h

]
7200v−1 [kN]i f 44 ≤ v < 120

[ km
h

]
0 i f 120 ≤ v

[ km
h

]
W = 0.0007v2 + 0.0203v + 3.2775 [kN]
B = 0.0113v2 − 4.6188v + 476.41 [kN]

Local passenger II 2000 206 2
Z =

 174.36 [kN] i f 0 ≤ v < 40
[ km

h

]
6974.2v−1 [kN] i f 40 ≤ v < 160

0 i f 160 ≤ v
[ km

h

] [ km
h

]
W = 0.00067v2 + 0.0258v + 2.618 [kN]
B = 0.017v2 − 5.6657v + 476.41 [kN]

Long-distance
passenger I 2400 430 1

Z =


192 [kN] i f 0 ≤ v < 45

[ km
h

]
8640v−1 [kN] i f 45 ≤ v < 160

[ km
h

]
0 i f 160 ≤ v

[ km
h

]
W = 0.0011v2 + 0.0645v + 4.495 [kN]
B = 0.0153v2 − 5.3662x + 476.41 [kN]

Long-distance
passenger II 3200 320 1

Z =


−0.7882v + 222.14 [kN] i f 0 ≤ v < 64

[ km
h

]
−0.00007v3 + 0.0327v2 − 5.5746v + 4160.03 [kN] i f 64 ≤ v < 160

[ km
h

]
0 i f 160 ≤ v

[ km
h

]
W = 0.0003v2 + 0.0153v + 1.7852 [kN]
B = 0.0052v2 − 1.3291x + 177.45 [kN]

Long-distance
passenger III 5600 445 0

Z =


−0.4071v + 298.75 [kN] i f 0 ≤ v < 70

[ km
h

]
0.015v2 − 5.0627v + 54, 776 [kN] i f 70 ≤ v < 200

[ km
h

]
0 i f 200 ≤ v

[ km
h

]
W = 0.0003v2 + 0.0153v + 1.7806 [kN]
B = 0.0082v2 − 2.1265v + 283.91 [kN]

Freight 3000 1025 0
Z =


320 [kN] i f 0 ≤ v < 20

[ km
h

]
300 [kN] i f 20 ≤ v < 35

[ km
h

]
275 [kN] i f 35 ≤ v < 52

[ km
h

]
−3.125v + 437.5 [kN] i f 52 ≤ v < 125

[ km
h

]
0 i f 125 ≤ v

[ km
h

]
W = 0.0002v2 + 0.0144v + 1.4093 [kN]
B = 0.0115v2 − 2.9634v + 395.64 [kN]

The parameters of the rail vehicles defined above and the mapping of the railway
line provided a satisfactory result for the reproduction of the existing timetable. The
results obtained from the theoretical runs—after adding the time reserves according to
the regulations and after taking into account the duration of stops at passenger stops and
stations—coincide with the times specified in the actual timetable.
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4.2. Energy System Load Analysis before Timetable Reconfiguration

The simulation results that identify the situations that could be affected by the method
proposed in this paper are presented in Figure 4. Due to the diversity of the data, only the
results for one power section are shown as a representation. Negative values represent
the current that can be transferred from a braked vehicle to other trains, after considering
the energy-recovery efficiency, according to ref. [17]. The authors use current (instead of
power) in their analyses due to its convenient form to convert the value into a parameter of
electric current pacing.
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Figure 4. Extract from the results obtained for the timetable simulation in the variant before reconfiguration.

A graph showing the global power consumption measured at the electrical substation
(for non-negative values) and the recoverable power is presented below in Figure 5. The
values have been ranked from highest to lowest. As this is a P(t) diagram, the area under
the curve indicates the total electric power demand of the trains travelling along the section
of the railway line under consideration.
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Figure 5. Power consumption/possible recovery in the variant before reconfiguration.

The basic data characterising this option are summarised in Table 4 below.
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Table 4. Characteristics of variant before timetable reconfiguration.

Parameter Presented Time Range of
Working Time All-Time per Year

TEI [kWh] 3925.7 5,092,428.1

braking power unrecovered,
usable [kWh] 603.3 803,406.7

braking power recovered,
usable [%] 86.67 86.37

Data prepared in this way allows for a further comparison between the variant before
and after the reconfiguration of the train timetable.

4.3. Application of the Proposed Algorithm

The next step of the procedure is to apply the reconfiguration algorithm. To better
explain the operation of the algorithm, the authors extensively discuss the results of
introducing changes in the case of four traffic situations. At the same time, an analysis
similar to that for the variant before reconfiguration was performed.

During the analysis of the traffic diagram for the mentioned sections of the railway
line, several traffic situations were perceived which could potentially be rationalised in
terms of reducing energy intensity. The application of the method proposed by the authors
will be considered for four sample cases (which become scenarios) shown in Figure 6.
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In scenario one, there are two trains within the limits of the supply section: a long-
distance (orange) and a local (grey). The vehicles have overlapping times where braking
occurs. Scenario two assumes the occurrence of a maximum of three trains in the supply
section. However, four crossings are recorded in five minutes, including two passenger
trains (yellow and light blue), one long-distance (dark blue) and one freight (grey). The next
traffic situation identified, defined as scenario three, determines the occurrence of three
trains, of a long-distance train stopping (dark blue), a freight train crossing the railway line
in gear (light blue) and a local train (green). Scenario four involves up to three trains at
a time, all of which are passenger trains. The black line indicates the energy balance for
each time t. If the balance is negative, it is possible to give up energy at any time. If the
balance is positive, there is the possibility to take up braking energy. The scenarios depicted
graphically reveal the numerous occurrences of situations in which the braking of a single
trainset takes place within a short time interval, often during one, two or three minutes. In
detail, the effects of the algorithm are summarised in Table 5.

Table 5. Results of the algorithm for the four revealed scenarios.

Scenario Action Effect
Reducing Global
Energy Demand

[kWh]

Usable
Energy

Consumption
[%]

1

• shifting of the local train
94 s later

• slowing down the braking
process at its initial stage
(by 10 s)

Use of braking energy to
accelerate a second train 11.68 94.1

2

• delay of a freight train by
21 s

• delay of a long-distance
train by 42 s

Using the braking energy of two
trains for traction purposes 19.27 92.8

3 • 32 s delay for a local train
Using the braking energy of a

local train to accelerate a
long-distance train

12.98 87.6

4

• delay of the 1st local train
by 44 s

• delay to 2nd local train by
2 min 16 s

Accumulating, in an instant, the
energy demand of two trains in
order to use a significant amount
of recovered braking energy of

train 2

20.72 93.0

In the case of scenario one, the application of the method that is the subject of this
article provided as a solution the shifting of the local train 94 s later and the slowing down
of the braking process at its initial stage. Scenario two, after energy rationalisation, changed
in such a way that the freight train was shifted by 21 s (shift to a later hour). The algorithm
thus ensured that the energy recovered from breaking the local train, marked in yellow, was
used. What is more, the algorithm also resulted in the long-distance train being postponed
by 42 s. This ensures that the braking energy of this train can be recovered to accelerate
the local (yellow) train. For scenario 3, the effect of the algorithm is to postpone the green
train by 32 s. This action ensures that the braking energy of this train is used to accelerate
the long-distance train. The most evident rescheduling occurs in scenario 4, where the
algorithm proposes bringing the dark grey train (local train 1) 44 s forward (to accumulate
energy demand with the brown train) and the light grey train (local train 2) 2 min 16 s
forward, to allow the braking energy to be used to accelerate the other two trains (local
trains 1 and 3).

Running the algorithm for just the four traffic situations indicated savings of 64.65 kWh.
The average use of energy recoverable by the algorithm was 92.05%.
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Below is a graph (Figure 7) showing the power consumption for modal loads occurring
for the post reconfiguration option.
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Figure 7. Power consumption/possible recovery in the variant after reconfiguration by the
proposed algorithm.

As in the case of the variant, before the proposed method was applied, the data
obtained were collected in the form of a table (Table 6).

Table 6. Characteristics of variant after timetable reconfiguration.

Parameter Presented Time Range of Working Time Year

TEI [kWh] 3621.4 4,694,428.1

braking power recovered,
usable [kWh] 299.0 405,406.7

braking power recovered,
usable [%] 91.74 92.05

4.4. Comparison of Variants

Only by comparing the two options can it be established whether the use of the
proposed method is justified. The table below (Table 7) performs such a comparison.

Table 7. Comparison of the variants before and after reconfiguration by the proposed method.

Parameter
Before Reconfiguration After Reconfiguration The Difference in Favour of

the Model

For the Presented Time Range of Working Day

TEI [kWh] 3925.7 3621.4 304.3

braking power unrecovered, usable [kWh] 603.3 299.0 304.3

braking power recovered, usable [%] 86.68 91.74 5.06 percent points

Per Presented Time Range of Working Time per Year

TEI [kWh] 902,912.9 832,924.9 69,987.0

braking power unrecovered, usable [kWh] 138,757.6 68,768.6 68,987.0

braking power recovered, usable [%] 86.68 91.74 5.06 p.p.

All-Time per Year

TEI [kWh] 5,092,428.1 4,694,428.1 398,000.0

braking power unrecovered, usable [kWh] 803,406.7 405,406.7 398,000.0

braking power recovered, usable [%] 86.37 92.05 5.68 percent points

It is clear from the data presented that it is reasonable to apply this reconfiguration
method. It was found that it is possible to achieve a global energy demand reduction of up
to about 398 MWh/year. However, this is a value determined not only for a specific time of
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day and only for the working timetables, but for the entire line, the entire good and each
day of the week (distinguishing between weekdays, Saturdays and Sundays and holidays).
The authors see further room for the development of the proposed method, including a
consideration of issues related to the occurrence of traffic disruptions (train delays).

5. Conclusions

Researchers in various countries have addressed the problem of ensuring railways
become more energy efficient. They have proposed different methods of reducing energy
intensity in their work. However, the current state of knowledge did not take into account
the preparation of a way based on algorithmics. A method that would combine—through
algorithmics—the possibility of transferring the energy recovered during the braking of one
train set to the power supply of accelerating trains with the possibility of manipulating—
within the available time reserves—the trajectory of vehicle movement.

This work presents a method by which the global demand for electricity from railways
can be influenced by designing timetables in a way that takes this aspect into account. The
right decisions, adopted by applying the proposed method while still in the construction
phase of the railway working plan, can contribute to achieving tangible benefits that are
very much in keeping with the challenges posed by modern times. The authors recognise
that there is room for further algorithm development to further improve the method.
Disturbing traffic, for example, can be taken into account.

The authors point out the benefits of their proposed method not only in terms of
reducing the energy intensity of rail transport. They also point out that the proposed
algorithm returns timetables in such a form that it is possible to build cyclic timetables
more easily.
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